Abstract. Midkine (MK) is reported to be associated with the clinical stages and distant metastases in gastric cancer, and to positively regulate the proliferation of human gastric cancer cells. However, the possible mechanisms of MK in the development of gastric cancer are still not fully clarified. In this study, the therapeutic effect of MK inhibition in gastric cancer in vivo and in vitro was investigated, by knock-down of MK expression with a small interfering RNA (siRNA). MK was expressed in gastric carcinoma tissues and cancer cells. The cytotoxic effect of cisplatin on AGS cells in vitro was attenuated by recombinant human MK, but was promoted by suppressing MK expression via downregulating the Notch signaling pathway-related proteins (Notch 1, Notch 2, Delta-like 1 and Jagged 1). Suppression of MK expression also promoted the inhibitory effect of cisplatin on AGS cells in vivo. In concusion, suppression of midkine gene promoted the antitumoral effect of cisplatin on human gastric cell line AGS in vitro and in vivo via Notch signaling pathway.
Introduction
As one of the most common malignancies around the world, gastric cancer is a highly fatal disease and often diagnosed in an advanced state with scarce effective therapies. Despite the improvements in medical and surgical therapy during the past decades, the mortality and average 5-year survival rate have not obviously changed after successful surgical intervention (1) (2) (3) . Therefore, an efficient therapy of this disease is extremely urgent, and new approaches, including gene therapy, are requied to improve treatment results (4) .
Midkine (MK) is a heparin-binding growth factor, first discovered as a highly expressed gene (Mdk) during mouse embryogenesis (5) . Although prominently expressed during embryogenesis, MK is downregulated to neglible levels in healthy adults. Accumulating evidence indicates that MK is involved in numerous pathologies, including ischaemia, inflammation, autoimmunity and, most notably, in many cancers (6) (7) (8) (9) (10) (11) . As a soluble cytokine, the elevated MK is readily apparent in the blood and other body fluids, which makes it a relatively convenient, accessible, non-invasive and inexpensive biomarker for population screening and early disease detection. Several biological functions of MK are thought to contribute to tumorigenesis and tumor progression, which promotes the proliferation, survival, and tumorigenicity of different cells and stimulates angiogenesis (12, 13) . MK is also thought to participate in the pathogenesis of gastric cancer and positively regulates the proliferation of human gastric cancer (14) . However, the possible mechanisms of MK in the development of gastric cancer are still not fully clarified.
In this study, the therapeutic effect of MK inhibition in gastric cancer in vivo and in vitro was investigated, by knockdown of MK expression with a small interfering RNA (siRNA).
Materials and methods
Patients and tissue specimens. A total of 17 patients, who received surgery for gastric adenocarcinoma at the Department of General Surgery, the First Affiliated Hospital of Soochow University in 2015, were enrolled in the study. Complete clinical data and paraffin-embedded gastric cancer specimens were available for all patients. Gastric cancer patients were staged using the International Union Against Cancer (UICC) 1997 TNM staging criteria, and histological typing of the primary tumor was performed using the World Health Organization (WHO) criteria. Poorly differentiated (n=5), moderately differentiated (n=6) and well differentiated (n=6) gastric adenocarcinoma was diagnosed. Five patients were diagnosed as poorly differentiated gastric adenocarcinoma, 6 as moderately differentiated and 6 as well differentiated. Prior to surgery, no patient received radiotherapy or chemotherapy. The use of the tissue samples was approved by the local Ethics Committee of the First Affiliated Hospital of Soochow University and the informed consent of the patients was obtained according to the institutional regulations.
Cell culture and transfection. Human pancreatic cancer cell lines GES-1, 803, SGC7901, MKN4 and AGS were kindly gifted by Laboratory of Cellular and Molecular Tumor Immunology of Soochow University, and were cultured in RPMI-1640 (Gibco, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin in a humidified incubator at 37˚C in 5% CO 2 . The transfection procedure was as previously reported (14) . The pLXSN or plXSN-MK plasmid was transfected into packed GP293 cells with lipofectamine™ 2000 reagent (Invitrogen, CA, USA). After 48 h, 1.5 ml of virus supernatant from various plasmids was added to 80% confluent AGS cells, which were incubated at 37˚C for 24 h, and then screened with G418 (400 mg/l). Monoclonal cells were selected and cultured further. The clones were screened for MK expression with western blot analysis. The nucleotide sequences of MK siRNA were 5'-GGAGCCGACUGCAAGUACATT-3' and 5'-UGUAC UUGCAGUCGGCUCCAA-3'. The negative control siRNA sequences were 5'-UUCUCCGAACGUGUCACGUTT-3' and 5'-ACGUGACACGUUCGGAGAATT-3'.
Cell viability assay. AGS cells were plated in 100 µl medium per well in 96-well plates, blank and zero wells were set. One day after seeding, cell viability was measured with Cell Counting Kit-8 (Peptide Institute Inc., Osaka, Japan) at 48 h after transfection for 2-h culture at 37˚C, and the surival rate and inhibition rate were calculated. The OD value at the wavelength of 490 nm was detected using an enzyme-labeled analyzer. The cell survival rate was calculated based on the formula: the survival rate = (the OD value of the experimental group/the OD value of the blank group) x 100%. For in vitro study, two experiments were carried out. In experiment 1, the effect of recombinant human midkine (rhMK) (Abcam, UK) was tested. AGS cells were treated with negative control group, rhMK group (5 µg/ml), cisplatin group (50 µg/ml), cisplatin (50 µg/ml) + rhMK group (5 µg/ml), cisplatin (50 µg/ml) + γ-secretase inhibitor I (GSI; 1 µM), group and cisplatin (50 µg/ml) + rhMK (5 µg/ml)+GSI I (1 µM) group. In experiment 2, the effect of MK siRNA was tested. AGS cells were treated with negative control group, non-targeted siRNA group, MK siRNA group, cisplatin group (50 µg/ml), cisplatin group (50 µg/ml) + non-targeted siRNA group, and cisplatin group (50 µg/ml) + MK siRNA group.
Annexin V/PI assay. AGS cells were plated in 6-well plate and treated as indicated above. After 48-h incubation cells were collected, washed in cold PBS twice and then mixed in 100 µl of 1X binding buffer and incubated with an Annexin V/PI double staining solution (5 µl FITC Annexin V and 5 µ1 PI) (Sigma-Aldrich, St. Louis, MO, USA) at room temperature for 15 min (the cell density was adjusted to 1x10 6 /ml). The stained cells were analyzed by flow cytometry and the percentage of apoptotic cells were calculated with ModFitLT software (Verity Software House, Topsham, ME, USA). The percentage of apoptotic cells was calculated.
Western blot assay. Total proteins were prepared by standard procedures and quantified by the BCA method and loaded onto a 10% SDS-polyacrylamide gel. After electrophoresis, proteins were transferred onto a PVDF membrane by electroelution. The membrane was incubated with primary antibody (MK, Notch 1 and Notch 2) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4˚C. The next day, the membrane was washed and incubated with HRP-conjugated secondary antibodies (Santa Cruz Biotechnology) for 1 h at room temperature. After washing, the membrane was developed using the ECL-detection system, quickly dried, and exposed to ECl film. We also used anti-β-actin antibody (Santa Cruz Biotechnology) as an internal standard.
Immunohistochemical staining. The primary antibodies (MK, Delta-like 1 and PCNA) (Santa Cruz Biotechnology) were utilized for immunohistochemistry. After deparaffinization, endogenous peroxidase activity was blocked by incubating the 5-µm tissue sections for 30 min with 0.3% hydrogen peroxide in methanol. The tissue sections were incubated with the primary antibodies in phosphate-buffered saline (PBS) containing 5% bovine serum albumin overnight at 4˚C. After washing, the sections were stained with biotin-conjugated secondary antibodies and followed by horseradish peroxidase-conjugated streptavidin (Boster Biological Technology, Wuhan, China) for 30 min. Diaminobenzidine (DAB) was used as the immunodetection substrate. The in situ cell death detection kit for TUNEL assay (Beyotime, China) was applied for analyzing cell death.
Immunofluorescence staining. Paraffin-embedded samples were deparaffinized and rehydrated. Sections were microwave treated (565 min) in EDTA buffer (pH 9.0), allowed to cool for 30 min, and washed in PBS. After being blocked for 20 min with 5% bovine serum albumin, slides were incubated overnight at 4˚C with antibodies against Delta-like 1 (1:200 dilution) and against Jagged 1 (1:200 dilution). Sections were then rinsed in PBST (PBS+0.1% Tween-20) and immunoreactive protein was detected using a secondary antibody (1:400 dilution) conjugated with fluorochrome Cy3 (Jackson ImmunoResearch Laboratory, USA) and a secondary antibody (1:400 dilution) conjugated with fluorochrome Alexa FluorH 488 (Jackson ImmunoResearch laboratory, USA) for 1 h in the dark. After being rinsed in PBST, slides were mounted with Fluoromount™ mounting medium (Sigma-Aldrich) with 4',6-diamidino-2-phenylindole (DAPI) (1:1,000 dilution). Fluorescence analysis was performed by using a confocal laser scanning microscope (LSM 710; Zeiss, Germany) and Zen 2009 software (Carl-Zeiss, Jena, Germany).
In vivo experiment. Six-week-old female athymic nude mice were used in the experiment in vivo. AGS cells were injected subcutaneously into the right anterior armpit of nude mice to establish an animal model of transplanted tumors. AGS cells were resuspended in serum-free RPMI-1640. The cell suspension was then injected subcutaneously (5x10 7 cells; total volume 0.5 ml) into the nude mice. Then mice were divided into six groups: group 1 was injected with AGS cells; group 2 was injected with AGS cells stably transfected with pLXSNnon-targeted siRNA; group 3 was injected with AGS cells stably transfected with pLXSN-MKsiRNA; group 4 was injected with AGS cells treated with cisplatin; group 5 was injected with AGS cells stably transfected with pLXSN-non-targeted siRNA, then treated with cisplatin; group 6 was injected with AGS cells stably transfected with pLXSN-MKsiRNA, then treated with cisplatin (ten mice in each group). Five days after the transplantation, cisplatin (2 mg/kg) was administered peritoneally each day until the end of the study (15) . Five weeks after the transplantation, mice were sacrificed and the tumor tissues were collected for histological examination and stored at -80˚C for protein extraction. The tumor size was measured every 7 days with calipers. The tumor volume was calculated with the formula: (LxW 2 )/2, where l is the length and W the width of the tumor. After the mice were sacrificed, weights of the tumors were measured.
Statistical analysis. Data are expressed as mean ± standard error (SE) and were analyzed using SPSS PC version 18.0 (SPSS Inc., Chicago, Il, USA). Statistical analysis was performed using one-analysis of variance (ANOVA) followed by SNK tests as post hoc test. Kruskal-Wallis test was used to evaluate the differences of categorical values followed by Mann-Whitney U tests as post hoc test. The criterion of significance was set as p-value of <0.05.
Results

Expression of MK in gastric cancer tissues and cancer cells.
Seventeen patients were enrolled and gastric cancer tissues were collected. Of the patients 6 were diagnosed as well differentiated gastric adenocarcinoma, 6 as moderately differentiated and 5 as poorly differentiated. In well differentiated gastric adenocarcinoma, western blot analysis showed that MK protein was detectable in 4 patients, comapared with non-cancerous tissues adjacent to the cancer. The high expression of MK protein was found both in moderately differentiated and poorly differentiated adenocarcinoma. The relative expression of MK protein was upregulated in poorly differentiated tissues, nearly 3-fold higher than that in the moderately differentiated tissues (Fig. 1) . Next, we analyzed the location of MK in gastric cancer tissues. At the cellular level, the cytoplasm of the cancer cells was immunoreactive with anti-MK antibodies, as well as nucleolus immunoreactivity partly in poorly differentiated adenocarcinoma cases. However, fewer immunopositive cells were found in well differentiated tissues (Fig. 2) . The expression of MK protein was also detected in gastric cell lines. The protein expression could be barely found in GES-1, 803 and SGC-7901. Higher expression of MK protein was detected in AGS cells, compared with MKN45 cells (Fig. 3) . Therefore, AGS cells were used for further experiments.
RhMK attenuates the cytotoxic effect of cisplatin on AGS cells in vitro.
We measured the survival and growth of AGS cells with or without rhMK treatment, using the CCK-8 kit assay. Compared with the NS control, rhMK could not affect the growth of AGS cells. Cisplatin obviously inhibited the proliferation and survival of AGS cells, while this inhibition was attenuated by rhMK treatment (Fig. 4) . Annexin V/PI assay was applied to detect the cell death in vitro [Annexin V (+)/PI (-), early apoptosis; Annexin V (-)/PI (+), late apoptosis; Annexin V (-)/ PI (+), necrosis]. Results of Annexin V/PI assay showed that no obvious apoptosis or necrosis were found both in normal saline and rhMK-treated cells. In cisplatin-treated cells, significant apoptotic and necrotic cells were detected, and the necrosis was attenuated by rhMK treatment (Fig. 5) . However, the anti-proliferative effect of cisplatin on GES-1 cells was not influenced by rhMK treatment (Fig. 6 ). The expression of Delta and Notch can be affected by other cytotoxic drugs, according to previous reports, such as 5-FU, adriamycin, and doxorubicin (16, 17) . By using γ-secretase inhibitor, the effects of cisplatin and rhMK were cancelled. 
The cytotoxic effect of cisplatin on AGS cells is promoted by suppressing MK expression in vitro.
To determine whether the suppression of MK expression influenced the cell growth or not, MK-targeted siRNA was applied in this study. CCK-8 kit assay showed that, without cisplatin treatment, the proliferation and survival were not affected either by MK-siRNA or non-targeted siRNA, nor the percentage of apoptosis and necrosis in AGS cells by Annexin V/PI. In cisplatintreated cells, the growth was inhibited and the percentage of apoptosis and necrosis were obviously increased, and the apoptosis tended to be further increased by MK-siRNA, while non-targeted siRNA showed no such effect (Figs. 7 and 8 ).
Immunofluorescent staining of Delta-like 1 and Jagged 1 was conducted to analyze the influence of the inhibition of MK expression upon the regulation of Notch signaling pathway related ligands. Without cisplatin intervention, non-targeted siRNA and MK-siRNA did not affect the expression of Delta-like 1 and Jagged 1, compared with NS-treated cells. After receiving cisplatin, the downregulation of Delta-like 1 and Jagged 1 protein expression could be clearly observed, and this change was enhanced by MK-siRNA. Western blot analysis showed that the expression of Notch 1 and Notch 2 was also reduced by MK-siRNA (Fig. 9) .
Suppression of MK gene promotes the inhibitory effect of cisplatin on AGS cells in vivo.
According to the results of the in vivo experiment, the treatment of cisplain alone exerted a beneficial effect on the gastric cancer in terms of the decreased tumor volume and weight, compared with the control groups. Furthermore, the tumor volume and weight were decreased more significantly after the combined treatment with cisplatin and MK-siRNA, during the whole observation period (Fig. 10) . Histochemical staining indicated that the chemical density of Delta-like 1 and PCNA was reduced by cisplatin, which could be promoted by MK-siRNA. The TUNEL analysis revealed that cisplatin caused apoptosis in cancerous tissues was also enhanced by MK-siRNA (Fig. 11) . The expression of Notch 1 and Notch 2 protein was also found to be reduced in cisplatintreated cells, and the reduction was promoted by MK-siRNA (Fig. 12) .
Discussion
Gastric cancer is one of the most commonly seen malignancies with the highest mortality in China. Despite advances in its diagnosis and treatment, the prognosis for advanced gastric cancer is poor, with a 5-year survival rate of <10%. Therefore, it is crucial to develop new and more effective therapeutic strategies for this fatal disease. Numerous growth factors and their downstream signaling systems are involved in the development, progression, and dissemination of gastric cancer. Increased MK expression has been reported in various human carcinomas. As a heparin-binding growth factor, the expression of which is generally low or undetectable in adults, whereas it is high in various human cancers, including esophageal, gastric, urinary bladder, pancreatic, colorectal, breast, and lung carcinomas, neuroblastoma, and Wilms's tumor. Some reports have shown that urinary MK and serum MK levels are elevated in cancer patients and are associated with disease progression. MK mRNA and protein levels are also reported to be both associated with the clinical stages and distant metastases in gastric cancer in Chinese patients (12, 18, 19) . Similarly in our study, MK protein expression was also found in gastric carcinoma tissues, and the extent of expression was correlated with the differentiation of tissue specimens. In cancer cell lines, high expressed MK protein was also obseverd in poorly differentiated cells. These results further proved that MK may be involved in the development of human gastric cancer. However, the possible mechanisms of MK in the pathogenesis and the therapeutic effect of MK in gastric cancer are still not fully clarified, which then prompted our further experiments.
As an oncoprotein that functions in gastric carcinogenesis, MK is reported to positively regulate the proliferation of human gastric cancer cells (14) . Thus, we investigated the therapeutic effect of the recombinant human MK (rhMK) on AGS cells, the cells which could detect the highly expressed MK protein. In contrast to the results of Xu et al (14) , rhMK did not show a proliferative effect on cancer cells in our study. However, the cytotoxic effect of cisplatin on AGS cells in vitro was attenuated by rhMK via reducing the cisplatin-induced apoptosis. The different selection of the cell line may lead to the different result, but on the other hand, our results would indicate that MK might be involved in the chemotherapyresistance in gastric cancer. Then, MK-targeted siRNA was applied to study the effect of MK inhibition on AGS cells. Although MK-targeted siRNA treatment did not play a growth-inhibitory function on AGS cells, it promoted the cytotoxic effect of cisplatin by inducing more severe apoptosis. Moreover, the tumor growth in nude mice was inflenced by MK inhibition as well. Previous study has also shown that the apoptosis of MK siRNA transfected cells might be mediated by the mitochondria-apoptosome-mediated pathway. The downregulated expression of Bcl-2 and upregulated expression of Bax decreased mitochondrial membrane potential, and led to release of cytochrome c, and activated caspase-3, -8 and -9, especially caspase-3 and -9, induced apoptosis of the cells (20) . These results suggest that MK inhibition may benefit chemotherapy treatment in gastric cancer. Notch signaling is defined as an evolutionarily conserved local cell interaction mechanism that is involved in a variety of cellular processes. Recently, emerging evidence suggests that Notch signaling pathway is one of the most important signaling pathways in chemotherapeutic drug resistance. Importantly, interfering Notch signaling by γ-secretase inhibitors (GSIs) or downregulation of Notch 1 receptor can induce drug sensitivity, leading to increased inhibition of cancer cell growth and metastasis (21) (22) (23) (24) (25) . The role of Notch signaling pathway in cancer cell drug resistance was widely studied, and studies have demonstrated that Notch signaling regulate the formation of cancer stem cells (CSCs) and contributes to epithelial-mesenchymal transition (EMT), which was found associated with drug resistance (26) (27) (28) . It was also reported that inhibition of Notch signaling downregulates pro-survival pathways and anti-apoptosis genes. Previous studies have shown that the aberrant expression of Notch 1 and Notch 2 was related to a growing number of solid tumors, as well as gastric cancer (29, 30) . The Notch signaling pathway is a conserved ligand-receptor signaling pathway present in most multicellular organisms. The mammalian canonical ligands are designated as Delta-like (Delta 1-4) or Serrate-like ligands known as Jagged 1 and Jagged 2, and the Notch receptors are single-pass transmembrane receptor proteins encoded by Notch genes (Notch 1-4) (31, 32) . In our study, the expression of Notch 1, Notch 2, Delta 1 and Jagged 1 was observed in control AGS cells. When interfering with MK-siRNA, these protein changes were significantly impacted in cisplatintreated cells. Many studies have focused on the fact that MK exerts an anti-apoptotic effect by influencing the Bcl-2 family proteins and the caspase cascade. In the present study, Notch signaling related proteins were obviously downregulated in MK hypoexpressing cells, along with the decrease of apoptotic cells. This result suggested that Notch signaling pathway could be suppressed by MK inhibition, which facilitated the chemotherapeutic effect of cisplatin in gastric cancer. Understanding the molecular mechanisms, driving MK-induced chemotherapeutic agent resistance, will provide benefits in developing new therapies for gastric cancer.
In conclusion, suppression of MK gene promoted the antitumoral effect of cisplatin on human gastric cell line AGS in vitro and in vivo. The downregulation of Notch signaling pathway-related proteins induced by suppressing MK gene is likely to be involved in modulating the cisplatin-induced apoptosis in gastric cancer cells.
